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ment	measures	 are	 sought	 after	 but	 since	migratory	 geese	use	 several	 sites	 in	
their	 annual	 cycle,	 local	 management	 actions	 should	 consider	 their	 potential	
	effects	further	down	the	flyway.
2.	 We	used	 a	 behaviour-based	migration	model	 to	 illustrate	 the	 consequences	 of	
management	actions	involving	hunting,	derogation	shooting	and	scaring	at	single	









aggravate	 rather	 than	alleviate	 agricultural	 damage,	depending	on	where	 along	
the	migration	route	changes	had	taken	place	and	the	mechanisms	through	which	
hunting/shooting	was	assumed	to	affect	geese.
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1  | INTRODUC TION
The	 populations	 of	 many	 migratory	 goose	 species	 have	 thrived	
over	 the	past	decades.	They	have	also	become	 increasingly	 reli-
ant	on	agricultural	resources,	particularly	during	the	non-	breeding	
season,	 and	 thus,	 have	 frequently	 raised	 conflicts	 with	 agricul-
ture	 (e.g.,	 Fox,	 Elmberg,	 Tombre,	 &	 Hessel,	 2017;	 Jensen,	Wisz,	
&	 Madsen,	 2008;	 MacMillan	 &	 Leader-	Williams,	 2008;	 Tombre,	
Eythórsson,	Madsen,	Madsen,	&	Piersma,	2013).	For	instance,	the	







Within	 the	 suite	 of	 potential	 management	 options,	 hunting,	
scaring	 and/or	 derogation	 shooting	 are	 often	 among	 the	 prime	
candidates.	Shooting	and	hunting	were	mainly	employed	to	control	
the	 sizes	 of	 the	 so-	called	 overabundant	 populations—with	 mixed	
success	 though.	 For	 instance,	 lesser	 snow	 goose	 (Anser caerules-
cens)	 escaped	 density-	dependent	 reproduction	 by	 colonizing	 new	
breeding	grounds,	and	by	now,	might	be	too	abundant	to	effectively	
control	 (Koons,	 Rockwell,	 &	 Aubry,	 2014).	 In	 the	 case	 of	 its	 also	
over-	abundant	 sister	 species,	 greater	 snow	 goose	 (Anser caerules-
cens atlantica),	hunting	during	spring	migration	reduced	recruitment	
(Morrissette,	Bêty,	Gauthier,	Reed,	&	Lefebvre,	2010),	and	manage-





(Juillet,	 Choquet,	 Gauthier,	 Lefebvre,	 &	 Pradel,	 2012;	 Klaassen,	
Bauer,	 Madsen,	 &	 Possingham,	 2008;	 Klaassen,	 Bauer,	 Madsen,	










still	 sustaining	 migratory	 wildlife	 populations	 as	 an	 internation-
ally	shared	objective,	for	example,	in	the	Convention	on	Migratory	
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We	used	a	 theoretical	 approach—a	state-	dependent	optimal	mi-












der	Jeugd,	&	Ebbinge,	 2008).	As	 a	 result,	 a	 considerable	proportion	

















(Figure	1):	For	 instance,	geese	may	 increase	vigilance	at	 the	expense	
of	 foraging	 duration	 or	 intensity,	 and	 thus,	 take	 longer	 before	 they	
accumulate	 the	 body	 reserves	 required	 for	 migration.	 Alternatively,	
geese	might	depart	from	a	site	earlier	with	lower-	than-	required	body	





Thus,	 the	agricultural	damage	expected	at	 specific	 sites	depends	on	





2  | MATERIAL S AND METHODS
2.1 | Outline of model essentials
We	 developed	 a	 state-	dependent	 dynamic	 optimization	 model	 to	







The	 model	 covered	 the	 spring	 migration	 of	 a	 female	 goose	 to	
the	breeding	grounds.	The	migration	period	was	divided	 into	whole	
days,	 and	 preparation	 for	 spring	migration	was	 assumed	 to	 start	 in	
the	Netherlands	 from	1	March	onwards.	We	consider	a	 flyway	with	
the	 wintering	 region	 in	 the	 Netherlands	 (NL),	 stop-	over	 regions	 in	
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with	 background	 predation	 risk	 m0 = 10
−4,	 mass-	dependent	 coef-
ficient	 b1 = 10
−3,	 foraging-	intensity-	dependent	 coefficient	 b2 = 10
−4 




strain	0	≤	m(x,	u,	i)	≤	1,		and	m(x, u, i)=m0(i) for u=0.	Please	note	that	
predation	risk	is	not	fixed	per	se	but,	rather,	used	to	specify	the	costs 
of behaviours	 and	 the	costs of being in a specific state.	 Implicitly,	we	
assume	that	a	higher	foraging	intensity	reduces	vigilance	and	carrying	





these	costs	and	benefits	 for	 the	animal’s	 current	 state	 (i.e.	 its	body	
reserves	and	 location)	and	 identify	the	trade-	off,	 that	 is,	 the	best	u,	
between	avoiding	starvation	and	predation,	and	gaining	energy.


















grounds	 within	 this	 time-	window	 or	 with	 insufficient	 body	 re-
serves,	they	cannot	reproduce	in	the	present	year	but	may	do	so	
in	subsequent	year(s).	Expected	fitness	gains	from	future	breeding	
attempts	 depend	 on	 survival	 and	 future	 reproductive	 success—
both	 of	 which	 are	 rather	 high	 in	 long-	lived	 species	 (for	 details,	 
see	Appendix	S1).
2.2 | Scenarios
As	we	were	particularly	 interested	 in	 the	 consequences	of	 scar-
ing	and	shooting,	we	run	scenarios	with	changes	in	the	predation-	
risk	parameters	that	reflect	the	(perceived)	mortality	risk	of	such	
human	 activities.	 To	 this	 end,	 we	 increased	 background	 preda-
tion	 risk	m0	 as	well	 as	 predation	 risk	 coefficients	b1 and b2	 (see	
Equation	1)	 independently	and	 in	combination,	 in	steps	of	 factor	
10	from	their	default	values,	 that	 is,	m0 = 10
−4	 (standard	setting)	
to	10−3 and 10−2,	b1 = 10




flights	 and	 thus,	 higher	 daily	 energy	 expenditure.	 Therefore,	 we	
tested	the	consequences	of	increasing	daily	energy	expenditure	by	
5%	and	10%	(Nolet	et	al.,	2016).
Furthermore,	 as	we	 aimed	 at	 identifying	 the	 consequences	 of	





























When	predation risk was changed only at the wintering site (NL),	
this	 altered	 the	 departure	 from	NL	 and	 the	 geese’	 staging	 times	
elsewhere	 (Figure	2b).	 Counter-	intuitively,	 a	 higher-	than-	standard	
predation	risk	delayed	departure	from	NL,	decreased	staging	time	
in	 Est/Tver	 and	 increased	 staging	 time	 in	 Ark	with	 little	 changes	
elsewhere.	Only	under	 the	highest	predation	risk	 in	NL	did	geese	
depart	 earlier	 from	 NL	 and	 stayed	 in	 D	 instead,	 largely	 skipped	
Est/Tver	and	used	Ark	for	more	than	3	weeks.	This	general	pattern	
also	arose	when	the	three	predation	risk	parameters	were	changed	
independently,	 albeit	 increases	 in	 foraging-	intensity-	dependent	
predation	 risk	 (b2)	 had	 the	 strongest	 consequences	 for	departure	
(not	shown).
If	predation risk was changed in either the central (Est/Tver) or north-







































































... in NL, Est/Tver, Nen














































2658  |    Journal of Applied Ecology BAUER Et Al.
Under simultaneous changes in predation risk	at	wintering	(NL),	cen-
tral	 (Est/Tver)	 and	northern	 (Nen)	 sites,	 geese	 largely	 avoided	 all	 of	
these	and	instead,	mainly	used	D,	Lit/Ukr	and	Ark	(Figure	2e).
Changes	in	daily energy expenditure	as	consequence	of	frequent	
escape	 behaviours	 had	 no	major	 influence	 on	migration	 patterns.	






Mortality	 was	 generally	 very	 low	 in	 the	 standard	 setting	 (c.	 5%).	
A	higher	 predation	 risk	 anywhere	 along	 the	 migration	 route	 obvi-
ously	increased	mortality	(right	panel	in	Figure	2);	however,	how	much	









quences—for	 these	 changes,	 mortality	 remained	 relatively	 low,	 in-
dicating	 that	 reducing	 foraging	 intensity,	 or	 avoiding	 risky	 sites	 and	
substituting	them	by	one	of	the	(safer)	sites	could		effectively	alleviate	
the	higher	risk.




Agricultural	 damage	 results	 primarily	 from	 the	 foraging	 activities	 of	
geese	and	therefore,	we	used	biomass	consumption	per	site	as	a	proxy	
for	the	damage	expected	at	each	site.	The	overall	pattern	of	biomass	







As	 changes	 in	 predation	 risk	 altered	 the	 use	 of	 sites	 and	


































































































for	 the	 next	 migratory	 leg.	 However,	 when	 shooting	 intensity	 in-

















with	the	retreating	 ice	 front	and	the	 local	onset	of	spring	 (Nuijten	
et	al.,	 2014).	 Global	 climatic	 changes	 may	 alter	 timing	 and	 speed	




able	earlier,	 geese	might	 indeed	be	 forced	out	of	 the	Netherlands	
with	an	 intensified	scaring	and	shooting	regime.	Such	shifts	 in	the	
winter	distribution	with	rising	winter	temperatures	 in	Europe	have	
already	 been	 observed	 in	 several	 waterfowl	 species,	 (Lehikoinen	
et	al.,	2013;	Ramo	et	al.,	2015).
4.2 | Consequences vary dependent on which 
sites affected














of	 predation	 risk,	 assuming	 that	 either	 background	mortality	 in-
creases	with	shooting,	 that	predation	risk	 increases	with	 intense	
foraging	 or	 with	 higher	 body	 reserves	 (Guillemain,	 Elmberg,	
Arzel,	 Johnson,	&	Simon,	2008),	or	 that	daily	maintenance	costs	
are	increased	with	frequent	escape	flights	(Nolet	et	al.,	2016).	All	
of	 these	possible	 responses	have	been	shown	 in	 reality	 (but	not	
necessarily	in	combination	or	in	the	same	species):	For	instance,	if	
disturbed	by	hunting,	snow	geese	flew	off	repeatedly,	interrupted	
feeding	 and	 gained	 less	 energy	 than	 undisturbed	 geese	 (Béchet	
et	al.,	 2004).	 Birds	may	 also	 enhance	 vigilance	 (Pomeroy,	Butler,	
&	Ydenberg,	2006),	engage	in	specific	escape	behaviours	(Béchet	







There	 are	 some	 abstractions	 inherent	 to	 our	 modelling	 ap-




likely	 differ	 between	 regions	 and	 change	 competition	 between	
individual	 geese.	 Second,	we	 assumed	 that	 geese	 are	 “informed	
migrants”,	that	 is,	they	“knew”	conditions	 in	all	regions	along	the	
migration	 route	 and	 respond	 optimally	 to	 them.	 Although	 this	
might	 appear	 a	 strong	 assumption,	 several	 goose	 species	 have	
demonstrated	a	high	capacity	of	swiftly	 responding	 to	new	con-
ditions	 and	 adopting	 new	migration	 patterns	 (Clausen,	 Madsen,	


















of	 17.8	kJ	 (Chudzińska,	 Nabe-	Nielsen,	 Nolet,	 &	 Madsen,	 2016),	
increasing	 shooting	 intensity	 in	NL	 increased	 the	average	cumu-
lative	per	capita	consumption	 in	NL	from	c.	4.8	kg	dry	matter	 to	
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6.1	kg;	 increasing	 shooting/hunting	 intensity	 in	Nenetskii	 oblast	
increased	 consumption	 in	 NL	 even	 more	 to	 7.5	kg	 dry	 matter.	
These	are	increases	of	27%–61%,	which	may	result	in	substantial	
economic	 losses	 even	 if	 only	parts	of	 the	overall	 population	 are	
affected.




of	 shooting/hunting,	 other	 management	 methods,	 for	 example,	 cre-











Norway	 and	Denmark,	 and	 complete	 protection	 in	 Belgium	 and	 the	




next.	Experiences	with	developing	 such	plans	have	 shown	 that	 their	













This	 study	 was	 part	 of	 the	 project	 “Towards	 efficient	 and	 inter-




tributing	 to	model	 parameterization,	Katharina	Both	 for	 designing	
Figure	1,	and	two	reviewers	for	constructive	comments.
CONFLIC T OF INTERE S T
The	authors	declare	no	conflict	of	interest.
AUTHORS’  CONTRIBUTIONS
S.B.	 and	B.A.N.	 initiated,	 supervised	 and	 coordinated	 the	 project,	










Silke Bauer  http://orcid.org/0000-0002-0844-164X 
Simeon Lisovski  http://orcid.org/0000-0002-6399-0035 
Bart A. Nolet  http://orcid.org/0000-0002-7437-4879  
R E FE R E N C E S
Bauer,	S.,	Ens,	B.	J.,	&	Klaassen,	M.	 (2010).	Many	routes	 lead	to	Rome:	
Potential	causes	for	the	multi-	route	migration	system	of	Red	Knots,	
Calidris canutus islandica. Ecology,	 91,	 1822–1831.	 https://doi.
org/10.1890/09-1281.1
Bauer,	S.,	&	Hoye,	B.	J.	(2014).	Migratory	animals	couple	biodiversity	and	
ecosystem	 functioning	worldwide.	 Science,	344,	 1242552.	 https://
doi.org/10.1126/science.1242552
Bauer,	 S.,	 Lisovski,	 S.,	 Eikelenboom-Kil,	 R.	 J.	 F.	 M.,	 Shariati,	 M.,	
&	 Nolet,	 B.	 A.	 (2018).	 Programming	 code:	 Behaviour-based	
migration	 model	 for	 assessing	 consequences	 of	 shoot-
ing	 geese	 along	 flyways,	 Zenodo Digital Repository,	 https:// 
doi.org/10.5281/zenodo.1197571
Bauer,	 S.,	 Van	 Dinther,	 M.,	 Høgda,	 K.-A.,	 Klaassen,	 M.,	 &	 Madsen,	
J.	 (2008).	 The	 consequences	 of	 climate-	driven	 stop-	over	
sites	 changes	 on	 migration	 schedules	 and	 fitness	 of	 Arctic	
geese.	 Journal of Animal Ecology,	 77,	 654–660.	 https://doi.
org/10.1111/j.1365-2656.2008.01381.x
Baveco,	 J.	M.,	 Kuipers,	 H.,	 &	 Nolet,	 B.	 A.	 (2011).	 A	 large-	scale	multi-	
species	 spatial	 depletion	 model	 for	 overwintering	 waterfowl.	
Ecological Modelling,	 222,	 3773–3784.	 https://doi.org/10.1016/j.
ecolmodel.2011.09.012
Béchet,	 A.,	 Giroux,	 J.	 F.,	 &	Gauthier,	 G.	 (2004).	 The	 effects	 of	 distur-
bance	 on	 behaviour,	 habitat	 use	 and	 energy	 of	 spring	 staging	




snow	 geese	 (Anser caerulescens atlanticus).	 Behavioral Ecology and 
Sociobiology,	57,	1.	https://doi.org/10.1007/s00265-004-0840-3
Chudzińska,	M.	E.,	Nabe-Nielsen,	 J.,	Nolet,	B.	A.,	&	Madsen,	 J.	 (2016).	
Foraging	behaviour	and	fuel	accumulation	of	capital	breeders	during	
spring	 migration	 as	 derived	 from	 a	 combination	 of	 satellite-	 and	
ground-	based	 observations.	 Journal of Avian Biology,	 47,	 563–574.	
https://doi.org/10.1111/jav.00899
Chudzińska,	 M.	 E.,	 van	 Beest,	 F.	 M.,	 Madsen,	 J.,	 &	 Nabe-Nielsen,	 J.	
(2015).	Using	habitat	selection	theories	to	predict	the	spatiotemporal	




Clausen,	 K.	 K.,	 Madsen,	 J.,	 Cottaar,	 F.,	 Kuijken,	 E.,	 &	 Verscheure,	 C.	
(2018).	 Highly	 dynamic	 wintering	 strategies	 in	 migratory	 geese:	






Fox,	A.	D.,	 Elmberg,	 J.,	 Tombre,	 I.	M.,	&	Hessel,	 R.	 (2017).	Agriculture	
and	herbivorous	waterfowl:	A	review	of	the	scientific	basis	 for	 im-
proved	 management.	 Biological Reviews,	 92,	 854–877.	 https://doi.
org/10.1111/brv.12258
Fox,	 A.	 D.,	 Glahder,	 C.	 M.,	 &	 Walsh,	 A.	 J.	 (2003).	 Spring	 migration	
routes	 and	 timing	 of	 Greenland	 white-	fronted	 geese	 –	 Results	








Europe	 to	 eutrophication	of	Arctic	 freshwaters.	Ambio,	46,	 40–47.	
https://doi.org/10.1007/s13280-016-0802-9
Jensen,	 R.	 A.,	 Wisz,	 M.	 S.,	 &	 Madsen,	 J.	 (2008).	 Prioritizing	 refuge	
sites	 for	 migratory	 geese	 to	 alleviate	 conflicts	 with	 agriculture.	
Biological Conservation,	 141,	 1806–1818.	 https://doi.org/10.1016/j.
biocon.2008.04.027
Jongejans,	E.,	Nolet,	B.	A.,	Schekkerman,	H.,	Koffijberg,	K.,	&	de	Kroon,	
H.	(2015).	Naar Een Effectief En Internationaal Verantwoord Beheer van 
de in Nederland Overwinterende Populatie Kolganzen.	 Sovon-rapport	
2014/56,	CAPS-rapport	2014/02.	Nijmegen:	Sovon	Vogelonderzoek	
Nederland.
Jonker,	 R.	 M.,	 Eichhorn,	 G.,	 van	 Langevelde,	 F.,	 &	 Bauer,	 S.	 (2010).	
Predation	 danger	 can	 explain	 changes	 in	 timing	 of	 migration:	 The	
case	of	the	Barnacle	goose.	PLoS ONE,	5,	4–11.
Juillet,	 C.,	 Choquet,	 R.,	 Gauthier,	 G.,	 Lefebvre,	 J.,	 &	 Pradel,	 R.	 (2012).	
Carry-	over	effects	of	spring	hunt	and	climate	on	recruitment	to	the	
natal	 colony	 in	 a	migratory	 species.	 Journal of Applied Ecology,	49,	
1237–1246.	https://doi.org/10.1111/j.1365-2664.2012.02199.x
Klaassen,	M.,	Bauer,	 S.,	Madsen,	 J.,	&	Possingham,	H.	 (2008).	Optimal	
management	 of	 a	 goose	 flyway:	 Migrant	 management	 at	 mini-




their	spring	flyway.	Journal of Applied Ecology,	43,	92–100.
Koons,	 D.	 N.,	 Rockwell,	 R.	 F.,	 &	 Aubry,	 L.	 M.	 (2014).	 Effects	 of	 ex-
ploitation	 on	 an	 overabundant	 species:	 The	 lesser	 snow	 goose	





L.	 (2017).	 The	 greater	 snow	 goose	 Anser caerulescens atlanticus: 
Managing	an	overabundant	population.	Ambio,	46,	262–274.	https://
doi.org/10.1007/s13280-016-0887-1
Lehikoinen,	 A.,	 Jaatinen,	 K.,	 Vähätalo,	 A.	 V.,	 Clausen,	 P.,	 Crowe,	 O.,	
Deceuninck,	B.,	…	Fox,	A.	D.	 (2013).	Rapid	 climate	driven	 shifts	 in	
wintering	 distributions	 of	 three	 common	waterbird	 species.	Global 
Change Biology,	19,	2071–2081.	https://doi.org/10.1111/gcb.12200




seasonal	 survival	 of	 pink-	footed	 geese	 Anser brachyrhynchus. Ibis,	
144,	218–226.	https://doi.org/10.1046/j.1474-919X.2002.00045.x
Madsen,	J.,	&	Klaassen,	M.	(2006).	Assessing	body	condition	and	energy	
budget	 components	 by	 scoring	 abdominal	 profiles	 in	 free-	ranging	
pink-	footed	geese	Anser brachyrhynchus. Journal of Avian Biology,	37,	
283–287.	https://doi.org/10.1111/j.2006.0908-8857.03555.x
Madsen,	J.,	Tamstorf,	M.,	Klaassen,	M.,	Eide,	N.,	Glahder,	C.,	Rigét,	N.,	
…	Cottaar,	 F.	 (2007).	Effects	of	 snow	cover	on	 the	 timing	and	 suc-
cess	of	reproduction	 in	high-Arctic	pink-footed	geese	Anser brachy-














Fox	(Eds.),	Goose populations of the Western Palaearctic	(pp.	94–128).	

















slower	in	spring	than	in	autumn.	Journal of Avian Biology,	45,	113–122.	
https://doi.org/10.1111/j.1600-048X.2013.00287.x
Pomeroy,	A.	C.,	 Butler,	 R.	W.,	&	Ydenberg,	 R.	C.	 (2006).	 Experimental	
evidence	that	migrants	adjust	usage	at	a	stopover	site	to	trade	off	
food	 and	 danger.	 Behavioral Ecology,	 17,	 1041–1045.	 https://doi.
org/10.1093/beheco/arl043
Ramo,	 C.,	 Amat,	 J.	 A.,	 Nilsson,	 L.,	 Schricke,	 V.,	 Rodríguez-Alonso,	M.,	
Gómez-Crespo,	E.,	…	Green,	A.	J.	(2015).	Latitudinal-	related	variation	
in	wintering	population	trends	of	greylag	geese	 (Anser anser)	along	








perimental	study.	Journal of Applied Ecology,	53,	916–924.	https://doi.
org/10.1111/1365-2664.12604






breeding	 and	 income	 breeding:	 Their	 meaning,	 measurement,	 and	
worth.	Ecology,	90,	2057–2067.	https://doi.org/10.1890/08-1369.1
Stocker,	T.	F.,	Qin,	D.,	Plattner,	G.	K.,	Tignor,	M.,	Allen,	S.	K.,	Boschung,	
J.,	…	Midgley,	P.	M.	 (2013).	 IPCC,	2013:	Climate	 change	2013:	The	
physical	science	basis.	In	Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change 
(1535	pp).
Tombre,	 I.	 M.,	 Eythórsson,	 E.,	 Madsen,	 J.,	 Madsen,	 J.,	 &	 Piersma,	 T.	
(2013).	Towards	a	solution	to	the	goose-	agriculture	conflict	in	North	
Norway,	 1988–2012:	 The	 interplay	 between	 policy,	 stakeholder	
influence	 and	 goose	 population	 dynamics.	 PLoS ONE,	 8,	 e71912.	
https://doi.org/10.1371/journal.pone.0071912
van	Wijk,	R.	E.,	Kölzsch,	A.,	Kruckenberg,	H.,	Ebbinge,	B.	S.,	Müskens,	
G.	 J.	 D.	 M.,	 &	 Nolet,	 B.	 A.	 (2012).	 Individually	 tracked	 geese	 fol-
low	 peaks	 of	 temperature	 acceleration	 during	 spring	 migration.	





Witter,	M.	 S.,	 &	 Cuthill,	 I.	 C.	 (1993).	 The	 ecological	 costs	 of	 avian	 fat	
storage.	 Philosophical Transactions of the Royal Society of London 
B: Biological Sciences,	 340,	 73–92.	 https://doi.org/10.1098/
rstb.1993.0050
Ydenberg,	R.	C.,	Butler,	R.	W.,	Lank,	D.	B.,	Smith,	B.	D.,	&	Ireland,	J.	(2004).	
Western	 Sandpipers	 have	 altered	 migration	 tactics	 as	 Peregrine	
Falcon	populations	have	recovered.	Proceedings of the Royal Society B: 
Biological Sciences,	271,	1263.
SUPPORTING INFORMATION
Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article.
How to cite this article:	Bauer	S,	Lisovski	S,	Eikelenboom-Kil	
RJFM,	Shariati	M,	Nolet	BA.	Shooting	may	aggravate	rather	
than	alleviate	conflicts	between	migratory	geese	and	
agriculture.	J Appl Ecol. 2018;55:2653–2662. https://doi.
org/10.1111/1365-2664.13152
